de individuos con genes favorables aáreas en donde proporcionarán un beneficio para la conservación. Las aplicaciones del flujo génico dirigido son de una extensa variedad pero incluyen la pre-adaptación de las especies nativas a la llegada de especies invasoras. El carnívoro marsupial en peligro de extinción, el cuol del norte (Dasyurus hallucatus), ha declinado rápidamente desde la introducción del sapo de la caña (Rhinella marina), el cual envenena fatalmente a los cuoles que lo atacan. Aun así existen unas cuantas poblaciones de cuol invadidas por sapos en las cuales los cuoles sobreviven porque saben que no deben comerse a los sapos. Es este comportamiento el cual buscamos promover por medio del flujo génico dirigido. Sin embargo, para que el flujo génico dirigido sea factible, el comportamiento indicado debe tener una base genética. Para valorar esto, usamos un experimento de jardín común: comparamos la descendencia de padres expuestos y de padres no expuestos criados en ambientes idénticos para determinar si el comportamiento anti-sapos es heredable. Las crías de poblaciones expuestas a los sapos tuvieron una probabilidad sustancialmente menor de comerse a los sapos que aquellas con padres no expuestos. La descendencia híbrida mostró respuestas similares a la descendencia de dos padres expuestos a los sapos

Introduction
Anthropogenic environmental change often requires species to rapidly adapt or risk extinction (Hoffmann & Sgrò 2011; Sih et al. 2011) . The rate at which a population can adapt depends critically on how much genetic variation exists for relevant traits. Most adaptive responses to threatening processes will be fueled by existing trait variation within a population (i.e., "standing variation") (Barrett & Schluter 2008) rather than by mutation. Recently, conservationists have begun to consider the use of species-wide standing variation in the management of threatened populations (Aitken & Whitlock 2013; Kelly & Phillips 2016) . One such strategy, targeted gene flow, involves translocating individuals carrying favorable traits to appropriate areas of a species' range (Kelly & Phillips 2016) . Done effectively, this strategy could provide relevant genetic variation and so speed the adaptive response, promoting evolutionary rescue of recipient populations faced with environmental change. However, targeted gene flow is yet to be trialed in a wild population (Kelly & Phillips 2016) . To execute targeted gene flow, relevant traits need to be heritable. If the traits are not heritable, of course, targeted gene flow cannot be used. Invasive species are a potent agent of environmental change. They have permanently altered many ecosystems across the globe and led to local species declines and extinctions (Clavero & García-Berthou 2005; Crowl et al. 2008) . Because invasive species are difficult to eradicate, adaptation may be the only way for natives to persist (Mooney & Cleland 2001) . Although rapid evolution may be a common response to an invasive species, it may not occur quickly enough to allow population survival (Strauss et al. 2006; Carroll 2007) . If, however, targeted gene flow could be used to introduce appropriate heritable trait variation into a population, it should be possible to artificially increase the speed of adaptation (Weeks et al. 2011; Kelly & Phillips 2016) .
The relentless invasion of the toxic cane toad (Rhinella marina) throughout northern Australia has led to widespread declines of native fauna (Tingley et al. 2017) . Unfamiliar with toxic anurans, Australian predators attack cane toads and are killed by the toxin they secrete (Shine 2010) . As a result, predators such as snakes, goannas, freshwater crocodiles, and northern quolls (Dasyurus hallucatus) have declined rapidly and are often extirpated immediately following arrival of the cane toad (Shine 2010) . Northern quolls (a medium-sized marsupial predator), for example, have declined by >75% since the arrival of toads; thus, this species is listed as nationally endangered under the Australian Environment Protection and Biodiversity Conservation Act (EPBC 2016; Fig. 1 ). Despite widespread local extinctions, however, no species has yet gone completely extinct since the arrival of toads in 1935. A small number of populations of native predators appear to have adapted to toads and are recovering Llewelyn et al. 2014) . Adaptations to toads include morphological changes (e.g., decrease in jaw sizes of snakes; Phillips & Shine 2006) as well as behavioral changes (e.g., selectively consuming only nonpoisonous areas of toads; Beckmann & Shine 2011) or simply not attacking them at all (e.g., Webb et al. 2008; Greenlees et al. 2010; Ward-Fear et al. 2017) .
Recent work has shown that northern quolls can behaviorally avoid cane toads in the wild . This behavior can also be taught to naïve quolls through conditioned taste aversion (O'Donnell et al. 2010; Cremona et al. 2017; Indigo et al. 2018 ), but whether the trait also has a genetic basis remains unresolved . Despite almost universal declines in quoll numbers immediately following toad Kearney et al. [2008] (Tingley et al. 2017) for toads.
arrival, toad-smart behavior allows a small number of populations of northern quolls to persist in areas of northeastern Australia that have been invaded by toads for over 70 years . Behavioral experiments show that quolls from these toad-infested areas avoid attacking cane toads entirely . Population modeling suggests that this toad-smart behavior must be transmitted across generations ), but we are still unsure whether this is happening genetically, through cultural transmission (i.e., offspring learning from their mother; Thornton & Raihani 2008; Thornton & Raihani 2010) , or a combination of the 2. Despite the existence of toad-smart behavior, however, the majority (approximately 95%) of naïve quoll populations go extinct once cane toads arrive (EPBC 2016) , suggesting the behavior is, in most quoll populations, either too rare or not effectively transmitted. If toad-smart behavior has a genetic basis, targeted gene flow could be used to introduce this rare trait into soon to be affected populations, increasing the chance of evolutionary rescue (Fig. 1 ).
To execute targeted gene flow in quolls, we would need to cross quolls from across their geographic range to incorporate toad-smart behavior into the genome of threatened populations. In the past, 4 subspecies of northern quolls were recognized but recent work suggests that northern quolls have only weak phylogeographic structure across their range (Firestone 2000; Cardoso et al. 2009; Hohnen et al. 2016) . Such weak structure is consistent with simple isolation by distance, possibly coupled with more recent drift caused by declines and fragmentation since European arrival (How et al. 2009 ). The climatic environment-a wet-dry monsoonal climate-is fairly consistent across the quoll's northern range. Mitochondrial DNA shows genetic distances of 0.035-0.046 between populations of quolls from the central part of their range (Northern Territory) and those 1500 km away in their far eastern extent (Queensland) (Firestone 2000) (Fig. 1) . Generally, crosses with <5% sequence divergence (indicating they have not been isolated for long) are unlikely to suffer ill effects from outbreeding depression-particularly when they occupy similar environments and have a history of gene flow (Edmands 1999; Frankham 2015 Frankham , 2016 . Therefore, outbreeding depression seems unlikely to be a barrier in this instance. Once toads arrive, toad-smart traits would be under intense selection, and if these traits are at high enough frequency (such that population extinction is avoided), they should introgress rapidly into the recipient population.
We examined whether toad-smart behavior has a genetic basis. A genetic basis to prey choice has been demonstrated in a broad array of taxa (Ayres & Arnold 1983; Lindström et al. 1999) , including in Australian reptiles responding to cane toads (Phillips & Shine 2006; Llewelyn et al. 2011) . The large difference in toad-smart behavior between naïve quoll populations and the few remaining toad-exposed populations suggests rapid evolution , and a genetic basis to toadsmarts in quolls. But we cannot rule out the possible role of cultural transmission, especially as adult quolls can be trained to avoid toads (O'Donnell et al. 2010; Cremona et al. 2017) , and quoll offspring do spend time with their mothers learning to hunt (Oakwood 2000) . Common garden experiments have long been used to uncouple genetic and environmental influences on adaptive traits (de Villemereuil et al. 2016) . We used this method to determine the mechanism of transfer of toadsmart behavior between quoll parents and offspring. We examined a range of traits that may be associated with toad-smart behavior, from foraging (interest and acquisition behavior) to the final decision of whether to consume a toad. Although foraging behavior is important, the choice of whether to attack and consume the toad or not will be the crucial behavior for investigating toadsmart behavior. By breeding quolls from toad-exposed and toad-free areas in a captive, toad-free environment, we eliminate any environmental or cultural effects to focus solely on the quolls' innate responses to cane toads. We also determined the feasibility of crossbreeding populations of northern quolls, and assess any obvious adverse effects of outbreeding depression in the F1 hybrids.
Methods
To determine whether there are genetically based differences in toad-smart behavior, we used a common garden experiment to measure the innate response to cane toads of northern quolls from toad-exposed and toad-naïve origins. Initially, northern quolls were collected from toad-exposed and toad-free areas of their range ( Fig. 1) and brought into captivity to breed at the Territory Wildlife Park, Northern Territory (NT), Australia. The toad-exposed group (n = 18) was collected from 2 toad-infested areas in Far North Queensland (QLD) Australia, Mareeba (Mareeba Wetlands and Mareeba Crocodile Farm), and Cooktown (South Endeavour), both of which have had high densities of cane toads for >70 years. The toad-naïve group (n = 18) was collected from predator-and toad-free Astell Island, NT, which was set up as an insurance population of northern quolls from Kakadu National Park, NT, in 2003 (details given in Rankmore et al. 2008) . All collections and experiments were undertaken with approval from The University of Melbourne Animal Ethics Committee (identification number 1413369.2) and with all relevant permits from state, territory, and indigenous authorities.
Once in captivity, we bred the quolls to produce 3 lines of captive-bred offspring: purebred toad-naïve offspring (NT × NT; n = 42; 8 litters in 2016); purebred toad-exposed offspring (QLD × QLD, n = 52; 4 litters in 2015, 4 in 2016); and hybrid offspring (NT × QLD; n = 13; 2 litters in 2016). An analysis of variance (ANOVA) was used to compare litter sizes across origin groups. The breeding occurred over 2 breeding seasons (which equates to 2 years, as quolls reach sexual maturity at age 1; Oakwood 2000). The 2015 breeding season produced 24 toad-exposed offspring, and the remainder were born in the 2016 season (sample sizes given in Table 1 ). Unfortunately, the 2016 breeding season had some logistical difficulties outside the realm of the experiment, leading to the uneven litter numbers and small sample size of hybrids. We therefore had 2 generations of toad-exposed quolls (2015 F1 and 2016 F2) , and only one generation of toad-naïve quolls (2016 F1). We produced 2 litters of hybrid quolls (2016 F1)-one with a captive born QLD mother and wild caught NT father and the other with a wild-caught NT mother and captive-born QLD father. All offspring were raised in similar conditions and were not exposed to cane toads until the beginning of the experiments, including the time they spent housed with their mother (offspring are weaned at approximately 5 months). We examined reproductive output (litter size and offspring survival) to measure any impacts of outbreeding depression on the body condition and fitness of captive F1 hybrids.
Once the offspring were weaned and living in individual cages, we measured their response to cane toads. In the first experiment, we scored each quoll's foraging behavior in response to a dead cane toad in a cage, as well as a control dead mouse. In both 2015 and 2016, each individual quoll was presented with a dead adult cane toad or a dead adult mouse (the prey treatment) in a wire cage, so that they could see and smell the prey item but not access it. These prey items were dead to control for any behavioral differences in the prey. A prey item was presented to the quoll for 2 h from sunset for 2 consecutive nights (with order of prey type randomly assigned). If the quoll did not approach the cage during the first night for either prey item, we repeated the experiment until they did (up to 3 nights). Sample sizes of experiment 1 (northern quoll foraging and acquisition behavior) and experiment 2 (northern quoll consumption of a cane  toad) in the 2015 and 2016 litters for 3 groups of tested quoll We measured foraging behavior by scoring interest in the prey item (the time each individual spent investigating the prey item) and acquisition behavior (the type of behavior they exhibited within the first minute of interaction). Acquisition behavior was categorized as attack (bite or paw) or investigate (sniff). In 2016, this experiment was conducted prior to the toad leg test described below. For analysis, we collapsed bite and paw behaviors into a single behavior, attack, and then modeled the probability that an animal would exhibit an attack behavior. We performed a generalized linear mixed-effects model with a binomial distribution, including fixed effects for toad-exposure category (toad exposed, toad naïve, or hybrid origin) and prey type (toad treatment or mouse control) and the interaction between them. Litter was included as a random effect.
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In the second experiment, we determined whether a quoll would consume a cane toad by presenting each individual with a toad leg (which does not contain enough poison to harm the quoll). The leg was left in the quoll's enclosure overnight instead of their regular food. In the morning, we recorded whether the quoll had eaten the toad leg. This experiment was conducted only in 2016 due to logistical considerations, so the sample size was slightly reduced (toad naïve = 42; toad exposed = 21; hybrid = 13). This experiment was conducted in conjunction with conditioned taste aversion training (O'Donnell et al. 2010; Jolly et al. 2017 ) for a separate project, so some toad legs were laced with the odorless and tasteless nausea-inducing chemical thiabendazole. This factor was considered in the analysis but there was no significant effect of thiabendazole on the probability of consuming the toad leg (χ 2 (1) = 3.13, p = 0.08). Generations in captivity (F1 or F2) could not be factored into the analysis because it could not be uncoupled from origin (i.e., all purebred toad-exposed quolls were F2 offspring; Table 1 ). These data on consumption were analyzed using generalized linear mixed-effects model with a binomial distribution, with toad-exposure category (toad exposed, toad naïve, or hybrid origin) and presence of thiabendazole as fixed factors and litter as a random effect. The p values were obtained by likelihood ratio tests. All analysis was performed using R (R Development Core Team 2016) with the lme4 software package (Bates et al. 2015) .
Results
We successfully breed 18 litters of captive-born offspring over 2 years. For husbandry reasons (stressed female northern quolls will kill their babies), we were not able to monitor survival rates from day 0, but all individuals survived from their first check-up (which occurred between approximately 110 and 160 d). Litter size varied from 3 to 9 offspring (mean litter size [SE] : purebred toad exposed, 6.6 [1.8]; hybrid, 6.5 [1.5] [These 2 litters had 6 and 7 offspring, respectively.]; purebred toad naïve, 5.3[2.3]). There was no significant difference in litter sizes across the 3 population origins (ANOVA, F 2,15 = 0.96, p = 0.14).
Quolls spent significantly more time investigating the mouse relative to the toad (χ 2 [1] = 46.55, p < 0.001) (Fig. 2) . Although the model also estimated a sizeable interaction between quoll origin and prey type (indicating greater discrimination between mouse and toad in animals from toad-exposed origin), this effect fell short of significance (χ 2 [2] = 5.00, p = 0.082) (Fig. 2 & Supporting Information).
Acquisition-behavior results suggest that quolls from a toad-exposed origin may show a greater discrimination between the prey types compared with animals from a toad-naïve population and hybrids. This interaction between toad-naïve and toad-exposed populations was, however, not significant (χ 2 [2] = 3.51, p = 0.17) (Fig. 3 & Supporting Information) . There was no overall difference in attack behavior between the populations (χ 2 [2] = 4.40, p = 0.11), but again, there was a significant difference between prey items, with quolls more likely to attack mice than toads (χ 2 [2] = 9.05, p = 0.002). The results from the final experiment showed that northern quolls with toad-exposed parents were significantly less likely to consume a toad leg than those with toad-naïve parents (χ 2 [2] = 9.13, p = 0.010) (Fig. 4 & Supporting Information) and that hybrid origin animals also had a low tendency to consume toads, similar to the response of animals with a toad-exposed origin.
Discussion
Our results show a clear difference in the choice of whether to eat a toad or not in quolls from different origins. Despite being raised in identical toad-free environments, quolls born to parents from toad-infested areas were significantly less likely to eat a cane toad than those from toad-naïve lineages. We controlled the environmental effects that may have influenced this behavior-quolls had no prior exposure to (so chance to learn to avoid) cane toads. Therefore, we can conclude that this is an innate, genetically based trait that has likely been under strong selection in populations of northern quolls surviving in toad-infested areas.
The differences between the populations were less clear, however, when we examined behaviors associated with foraging and acquisition behavior. Although in both cases our data hint that quolls with parents from toad-exposed populations showed greater discrimination between mouse and toad prey, the results were nonsignificant in both cases. Together, our results suggest that although the final decision to eat a toad is strongly innate, foraging behavior is more plastic.
That foraging and acquisition behavior was plastic is not surprising. Many predators have been observed to rapidly shift foraging and acquisition behaviors, particulary when housed in captivity (Bremner-Harrison et al. 2004; Watters & Powell 2012; Reading et al. 2013) ; quolls are no exception. Earlier work shows, for example, that individual quolls can be trained not to attack toads (Cremona et al. 2017) and that captive-born offspring (F1 and F2) tend to be bolder in prey acquisition trials . In wild-caught quolls (many of which were parents of the animals we tested here), we previously observed large differences in toad-smart foraging and acquisition behavior between toad-naïve and toad-exposed populations in the captive born generation tested here. Because we removed the chance for learning in response to toads, our results indicate that although the decision to eat a toad appears strongly innate, environmental learning is likely involved in the more plastic behaviors, such as foraging. Thus, it seems likely that-in the presence of toads-an innate tendency not to eat toads eventually translates into toad-smart foraging and acquisition behavior. That is, animals with a tendency to not consume toads eventually learn not to expend effort acquiring them.
Our breeding experiment also demonstrated that it is possible to cross breed quolls from distant populations. Litter sizes and survival of population crosses were indistinguishable from those within populations. Although our sample sizes are small-particularly for the hybrid group-it is interesting to note that hybrid litter sizes
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were large, and almost identical to those in the toadexposed group. It remains possible that incompatibilities will be expressed in F2 or greater generations, however, so further hybrid litters and deeper generations are needed to exclude outbreeding depression entirely. The hybrid quolls, however, also had interesting behavioral responses. Regarding acquisition, hybrids showed the highest proportion of attacking behavior when interacting with the dead prey items inside a cage. This attacking behavior was also identical across the 2 prey types offered, suggesting that hybrid quolls were overall more aggressive in their interactions with prey and showed much lower discrimination between a mouse and a toad. These results were not statistically significant but are intriguing nonetheless; hybrids may exhibit acquisition behaviors more extreme than either parental phenotype, a result that suggests overdominance for this trait (Parsons & Bodmer 1961) .
Despite this potentially increased aggression, the results of the consumption experiment indicated that hybrids tended not to eat toads. This aspect of toad-smart behavior in the hybrids, being much closer in value to the toad-exposed population, suggests a standard dominance effect (Mendel 1866; Veitia et al. 2018) . If the trait were due only to additive genetic effects, we would expect hybrids to have trait values intermediate between the 2 parental populations (although our experiment may not have the power to dectect this; Hill et al. 2008) . Instead, there is a hint that whatever alleles influence the decision to eat a toad, these alleles are dominant; having 1 toad-smart parent made the offspring toad-smart. This makes sense because such alleles would rapidly come to high frequency following hard selection (Hazel 1943) , such as undoubtedly occurred in the toad-invaded part of the quolls' range. All such interpretations are, of course, speculative. Unequivocal demonstration of dominance and outbreeding effects can only be achieved with a substantially larger sample size and more complex pedigree than were available to us (Lynch & Walsh 1998) .
We have, however, been successful in answering the question, does toad-smart behavior have a genetic basis? Despite the variability in foraging behavior, our data strongly imply that important aspects of toad-smart behavior do have a genetic basis, with observed phenotypic differences occurring in an adaptive direction. A genetic basis to prey choice has been demonstrated in a broad array of taxa (Ayres & Arnold 1983; Lindström et al. 1999) , including in Australia reptiles responding to cane toads (Phillips & Shine 2006; Llewelyn et al. 2011 ). However, it remains possible that maternal effects may be influencing our results (Mousseau & Fox 1998) , but in our case this seems unlikely due to hybrid behavior being similar whether the mother was toad exposed or toad-naïve. We examined quolls only from a few local populations and are assuming the behavioral differences we observed are broadly relevant to toad-naïve and -exposed populations.
Our results also hint that the genetic effects are not simply additive; instead, patterns were consistent with dominance and overdominance. Plasticity in behavior (particularly foraging) likely also plays a role in fine-tuning innate tendencies. Previous studies suggest that toad-smart behavior exists at low levels in toad-naïve populations , and our study clearly indicates that even animals from toad-naïve populations are able to discriminate toads from other prey types. Therefore, it seems likely that this preexisting trait variation is rapidly selected for once cane toads arrive, leading to either extinction or evolutionary rescue occurring over a short period. Certainly, evolution can occur over contemporary timescales (Schoener 2011; Colautti & Lau 2015) , particularly in response to sudden anthropogenic change such as the arrival of invasive species (Stockwell et al. 2003) . Such rapid evolution has already been demonstrated in other taxa responding to cane toads (Phillips & Shine 2004 , and we can now add northern quolls to the list of species exhibiting rapid adaptation to toads.
Although this adaptive response can allow northern quolls to live alongside cane toads, the widespread extinction of quoll populations following toad arrival suggests that extinction usually occurs before adaptation is complete. That toad-smart behavior has a genetic basis means we could use targeted gene flow to shift the balance in favor of adaptation rather than extinction. By introducing toad-adapted individuals into target populations, we could improve the resilience of northern quoll populations prior to the arrival of cane toads or facilitate population recovery or reintroduction efforts. Our study represents the first step toward this goal, but more needs to be investigated before targeted gene flow for quolls can become a reality. Targeted gene flow aims to increase population viability while still maintaining local genetic diversity, so investigating this trade-off will need to be done prior to any actions. Population models could help managers predict how best to integrate toad-smart traits without replacing the local genome by examining how adjusting timing and number of individuals introduced to ensure toad-smart behavior are in high enough proportion to maintain the population but the local genome is not overwhelmed. This could also help in the assessment of risks associated with reduced hybrid fitness and the investigation of the practicalities of implementing the management strategy. As well as population models, targeted gene flow needs to be tested in the field to determine whether individuals with toad-smart genes do indeed have higher fitness and improve population persistence. Our results demonstrate that it is possible to crossbreed individuals from different areas of the quolls' range to produce hybrids and that these hybrids do not have any obvious fitness deficits. However, monitoring of more litters and additional generations is still required because our sample size was small and many aspects of outbreeding depression may not become obvious until
Volume 33, No. 1, 2019 the F2 or F3 generation (Fenster & Galloway 2000; Aitken & Whitlock 2013; Frankham 2016) . At this point, however, the potential benefits of targeted gene flow in this situation appear to outweigh the risks.
Cane toads have already caused local extinctions of many northern quoll populations, and the toads' invasion appears unstoppable. The aim now should be to ensure that northern quolls persist in areas after cane toads arrive, that quolls maintain their functional role in the ecosystem, and that we preserve as much of the species standing genetic variation as possible. Here, we have shown that targeted gene flow is a potential strategy to this end. We know that quolls can be trained to not attack cane toads via conditioned taste aversion, and the tactic is currently being deployed ahead of the invasion front (O'Donnell et al. 2010; Cremona et al. 2017; Jolly et al. 2017) . Training is, however, neither universally effective nor is there compelling evidence that there is cultural transmission of this acquired aversion to offspring. Effectiveness of this training strategy could be improved by introducing individuals carrying toad-smart genes. Although much of the practical complexities require further thought, by combining targeted gene flow with existing conservation strategies this endangered species may well be its best chance of survival.
